lack of helicase activity by these enzymes. The proposed screw motion of DNA along the SWI2/SNF2 ATPase domain could provide the translational and rotational force to disrupt DNA:protein complexes in remodeling processes. To our knowledge, we provide a first structural framework for any sequence and structure unspecific dsDNA translocase in complex with its dsDNA substrate. 
Results and Discussion

Biochemistry of the SsoRad54 ATPase Domain
endonuclease cleavage products ("cut"). No activity is observed in
In these assays, the overall activity of SsoRad54cd corthe absence of nucleotide, in the presence of a slowly hydrolysable responds well to that observed for eukaryotic Rad54 ATP analog ATPγS (AGS), or using SsoRad54cd-E563Q (EQ). (Jaskelioff et al., 2003) . The activity of SsoRad54cd might be further stimulated at the physiological growth temperature of Sulfolobus solfataricus (80°C, inaccessirefined at 3.0 Å resolution, yielding an R factor of 24.2% ble in our assays). Since translocation or generation of (R free 29.6%) with good stereochemistry. superhelical torsion are two proposed driving forces for SWI2/SNF2 enzymes bind duplex DNA in a predomiremodeling processes, the structure of SsoRad54cd nantly sequence-and structure-independent manner. could help to reveal the conserved core mechanism of This property provides a formidable obstacle for crys-SWI2/SNF2 family enzymes in remodeling processes. tallization of a specific DNA:protein complex. Using a 25-mer dsDNA with two single nucleotide overhangs, a central GC-rich sequence and terminal AT runs, we Crystallization and Structure Determination were able to obtain crystals of the DNA:SsoRad54cd To reveal the structural basis for the ATPase core of complex that diffracted to 3.0 Å resolution. The com-SWI2/SNF2 enzymes, we crystallized SsoRad54cd and plex of SsoRad54cd with a 25-mer DNA duplex was determined the atomic structure by a two-wavelength solved by molecular replacement, using individual doanomalous dispersion experiment to 3.0 Å resolution, mains of the DNA-free structures as search models. using mercury as anomalous scatterers (Table 1) . The
The DNA complex was refined at 3.0 Å resolution, reexperimental electron density allowed tracing of most sulting in an R factor of 23.3% (R free 28.1%) and good of the polypeptide chain except for some portions at stereochemistry. The final model comprises the conthe C terminus (see Figure S1 in the Supplemental Data served SWI2/SNF2 type catalytic domain of SsoRad54 available with this article online). We therefore crystal-(residues 432-906) and 19 base pairs DNA duplex for lized the C-terminal half of SsoRad54cd separately each of the two molecules in the asymmetric unit. (residues 630-906) and obtained a structure to 2.0 Å resolution, starting from a molecular replacement solution with the partial model of the C-terminal domain of Structure of the SWI2/SNF2 ATPase Domain SsoRad54cd consists of two domains (domains 1 and SsoRad54cd. Using the high-resolution structure of the C-terminal domain, we could completely trace and re-2) that together form a particle of 70 Å × 70 Å × 40 Å dimension (Figure 2A ). Domains 1 and 2 each contain fine the structure of SsoRad54cd. The final model was attacking water during ATP hydrolysis. This structural switch is induced by direct interaction of a conserved loop behind the DExx motif with the phosphate back-DNA-Stimulated ATPase Activity The ATPase activity of SsoRad54cd, like other SWI2/ bone of the 5#-3# strand. We do not want to exclude that other structural changes contribute to the DNA SNF2 enzymes, is stimulated by dsDNA ( Figure 1A) . Comparison of the structure of the SsoRad54cd:DNA stimulation of the ATPase activity. However, the switch loop is conserved in SWI2/SNF2 enzymes, and a mutacomplex with the structure of DNA-free SsoRad54cd reveals a potential mechanism for this feature. In the tion in one of the conserved residues (N569I) reduces both DNA-stimulated ATPase activity and DNA binding absence of DNA, the ATP-hydrolyzing DExx motif (motif II) is in an unusual β conformation, which is not compatactivity ( Figure 4A, Figure S4) . Thus, the switch loop might be relevant also in other SWI2/SNF2 enzymes. structure. In such a closed conformation, domain 2 could, for instance, push on the upstream minor This putative "closed" conformation favorably aligns all functional motifs along the composite ATP binding site groove, advancing the double-strand DNA in the active site of SWI2/SNF2 enzymes in the same direction that in the active site cleft. The effects of mutations in helicase motifs (Q755A, R788E, K808E, R840E, R843E), as ssDNA is transported in the active site of helicases (Figure 5C ). If domain 2 simply pushes on upstream minor well as additional residues that are predicted to be near (K700E, K711E, K872E) or remote from ATP and/or DNA groove, domain 2 does not need a high-affinity DNA binding site, a feature that we observe experimentally binding sites (R586W, G722Q), on the ATPase activity of SsoRad54cd are consistent with the model (Figures (Figure 3D and Figure S4 ). Following advancement of DNA, ATP hydrolysis might relax the structure to allow 4A and 5C). In this respect, domain 2 mutations might directly interfere with the ATPase activity or may prerebinding of domain 1 to DNA, ADP / ATP exchange and rebinding of domain 2 at a new translocated upvent a proper orientation of domain 2 in the presence of ATP.
Comparison to DExx Box Helicases
stream DNA binding site. The proposed mechanism could explain how the characteristic biochemical activities of SWI2/SNF2 enzymes are generated by a mechaModel for DNA Translocation nism that, in its core, is related to that of DExx box heliThe remarkable similarity of DNA recognition by Ssocases. Rad54cd and helicases suggests that ATP-driven transport of dsDNA in the active site of SWI2/SNF2 enzymes is mechanistically related to ATP-driven ssDNA in the Implications for Remodeling Processes Our results have structural implications for the core active site of helicases (Figures 5A and 5B) . Based on this idea, we propose a specific and testable mechamechanism of remodeling factors. In particular, even a relatively moderate translocation of DNA by sliding nism for the ATP-dependent translocation of SWI2/ SNF2 enzymes on DNA. Prior to translocation, DNA is along the minor groove would include a substantial ro-immobilized Ni affinity (utilizing a N-terminal 6xHis tag), Source S ion exchange, and S200 gelfiltration chromatography (Pharmacia) by standard procedures. Table 1. DNA:protein substrate, needs to be addressed in future experiments.
Crystallization and Structure Determination
DNA Binding Assays
Taken together, our results provide a structural frame- 
